Abstract. We conducted a mesoscale transect sampling of trees !10 cm DBH in the LomakoYekokora interfluvial forest, Democratic Republic of the Congo. Our objective was to characterize the forest landscape contained between the Lomako and Yekokora rivers in terms of its floristic composition and to investigate how representative the Lomako study site, the location of a longterm study of primates, was of the entire forest block. Fifteen transects were laid out at seven sample stations placed approximately 10 km apart and alongside a 70 km trail running from the Lomako study site to the margins of the Yekokora river. Three transects totaling 3.65 ha were laid out at the Lomako study site and two transects totaling 2 ha at each of the remaining six sample stations, amounting to 15.65 ha in total. Average DBH, tree density, tree species richness and floristic composition were determined for each transect. There were 5353 trees !10 cm DBH in the total sample, representing 150 species in 35 families. Caesalpinoideae trees dominated the sample, followed by Olacaceae and Annonaceae. Four forest types were identified: mixed primary (57% of the sampled plots), secondary forest (9%), Gilbertiodendron (22%), and swamp (12%). The seven sample stations differed from each other in average DBH, tree density, tree species richness and floristic composition. Most of the difference, however, was due to the fact that the four forest types were not equally represented at each sample station. When forest types were contrasted independently, a marked difference in average DBH, tree density, tree species richness and floristic composition was recorded. Conversely, when only mixed primary forest was analyzed across the sample stations, no significant difference was detected except for average DBH. Thus the Lomako study site is representative of the forest landscape contained between the Lomako and Yekokora rivers only when the different forest types are treated separately. The sample stations (including Lomako) differ from each other, however, in the proportional contribution of each forest type.
Introduction
Despite their overall similarity in structure, tropical rain forests may differ considerably in floristic composition over the landscape. Factors such as soil quality, rainfall patterns, disturbance regimes, and evolutionary history have produced forests that differ in the relative abundance of their plant species and families.
As yet, attempts to characterize tropical rain forests in terms of their plant composition have been few. As Terborgh and Andressen (1998) point out, tropical rain forests remain largely undiagnosed in terms of floristic composition. Central African rain forests are no exception. Although considerable effort has been devoted to produce taxonomic lists of plants from several African rain forest sites (e.g., Lebrun and Gilbert 1954; Germain and Evrard 1956; Devred 1958; Gerard 1960; Letouzey 1969; White 1983; Newbery and Gartlan 1996) , less attention has been given to the study of patterns of variation in relative abundance of plant species over the landscape.
Here we present the results of a sample of trees !10 cm DBH in a large block of forest contained between the Lomako and Yekokora rivers, Democratic Republic of the Congo. Our objective was to characterize the forest contained between the Lomako and Yekokora rivers in terms of its floristic composition. This study's original aim was to investigate the ecology of primates inhabiting the Lomako-Yekokora interfluvium and more specifically to determine how representative the Lomako study site, the location of a long-term study of primates, was of the entire forest block contained between the Lomako and Yekokora rivers.
In order to attain our objective we set up 15 botanical transects at 7 locations (henceforth referred to as sample stations) placed at approximately 10 km intervals alongside a 70 km trail running south-north from the Lomako study site to the Yekokora river, totaling 15.65 ha of area sampled.
Methods

Study site
The study area is located in the interfluvium between the Lomako and Yekokora rivers, in the Equateur province of the Democratic Republic of the Congo (20840 0 -21840 0 E, 00839 0 -01812 0 N) ( Figure 1 ). The Lomako and Yekokora rivers flow into the Maringa River, a left bank tributary of the Congo River. The area is flat with altitude averaging 400 m above sea level (Wiese 1980) . Soils are of sedimentary origin and consist largely of sedimentary rocks and unconsolidated sands and clays containing few weatherable primary minerals (Juo and Wilding 1996) . Soils derived from such sedimentary materials are mostly found to be deep, sandy Oxisols (Orthox) in dissected uplands and wet Inceptisols (Aquepts) in inland depressions and along rivers and streams (Juo and Wilding 1996) .
Mean annual rainfall for this region is above 2000 mm with approximately 10 wet months a year and a drier period between January and March (Fruth 1995) . The forest inventoried here consists of a block of roughly 3800 km 2 , part of the large continuous rain forest that covers the Congo basin. The vegetation consists of evergreen lowland tropical rain forest with at least four distinct physiognomic types (Fruth 1995) :
Mixed primary forest -a mixed-species forest, with a high heterogeneous canopy of 30-40 m with emergent trees >40 m in height. The undergrowth is sparse with some large-leafed herbs growing under open gaps in the canopy. The tree species Scorodophloeus zenkeri (Caesalpinoideae), locally known as 'bofili', is usually a dominant species. Gilbertiodendron dewevrei dominated primary forest (henceforth 'Gilbertiodendron forest) -a G. dewevrei (Caesalpinoideae) dominated forest with a high homogeneous canopy of 30-40 m. Also with little undergrowth and largeleafed herbs growing under gaps of open canopy. Secondary forest -former human agricultural fields and settlements or tree fall gaps, characterized by an absence of large trees, with dense undergrowth, often with presence of large-leafed herbs, lianas and smaller trees with air roots and/ or thorny tree trunks. Swamp forest -wet or temporarily inundated forest with a high density of small trees with low crowns (5-10 m) and no undergrowth.
Data collection and analyses
The botanical survey was conducted in two parts. The first part during AprilDecember of 1996 was conducted at the Lomako study site and the second part during October-November of 1997 and May of 1998 between the Lomako and Yekokora rivers alongside a preexisting but rarely used human trail ( 70 km) running north from Lomako to the Yekokora river (Figure 1) .
At the Lomako study site, three transects of 3 km in length were laid out, parallel to each other, along three preexisting east-west trails 1.5 km apart. These formed one sample station. Between the Lomako and the Yekokora, six additional sampling stations were established, 8-12 km apart with each containing two transect lines: one of 3 km running north-south and one of 1 km running east-west. These transects were placed perpendicular to one another in a 'T' shape position. Each sampling station was positioned haphazardly without previous knowledge of the area and a few hundred meters away from the trail. All transects were cut by two field assistants using machetes and the direction in which to proceed was established by the researcher using a compass bearing.
Along the transects, 50 m Â 10 m (0.05 ha) plots were positioned longitudinally and in sequence, and were separated from each other by a 50 m gap. In total, 313 plots were established corresponding to a sampled area of 15.65 ha. Seventy-three plots (3.65 ha) were located in the Lomako study site and comprised the Lomako sample station, whereas the remaining 240 plots were located along the Lomako-Yekokora trail, distributed in the remaining six sample stations (Stations 1-6) with 40 plots (2 ha) each.
Within the plots, trees !10 cm DBH were measured and identified by their local names with the help of four experienced workers from the Lomako study site. Determination of their scientific name was achieved by using available species lists from Projet Pan (Fruth 1995) and former researchers of the Centre de Recherches en Science Naturelles (CRSN) at Lwiro. Literature on Central African tree species (Letouzey 1969 (Letouzey , 1972 Gauthier et al. 1977; Vivien and Faure 1985, Flore Rwanda Urundi) were also used. Given that transect work was done by foot and supplies including food were carried by the survey team, it was not possible logistically to spend time collecting; neither was it feasible to transport a large number of voucher specimens. Therefore, no collections were attempted at the time.
For the combined sample, number of individuals, occurrences, density and dominance of each tree species were calculated. A diversity index was obtained by relating the total number of tree species to the total number of individuals in the sample. The Shannon-Wiener diversity index H = ÀS(p i log p i ) was used for comparative purposes (Pielou 1974) , where p i is the proportion of each species in the sampled area.
To assess the total contribution of each habitat type to the total sample, each plot was classified according to the dominating forest type using the fourcategory system described above, that is, mixed primary, secondary, Gilbertiodendron and swamp forest.
Measures of forest structure (tree density, basal area, average DBH) were calculated for each sample station. One-way analysis of variance (ANOVA) was used to test for differences in these variables among the sample stations and also among different forest types. Statistical levels of significance were set at p < 0.01.
The coefficient of Jaccard (Krebs 1999) , a binary similarity coefficient, was used to quantify the overlap in species composition among the sample stations and forest types. It is defined as: J = a/(a+b+c), where a is the number of species found in the two samples being compared, b the number of species in Sample 1 but not in Sample 2, c the number of species in Sample 2 but not in Sample 1. The coefficient varies from 0 when no species overlap between the compared samples is observed, to 1 when there is a complete overlap in species and the plots are identical.
Since the coefficient of Jaccard does not take into account the abundance of the tree species in the samples, Euclidean distance (Krebs 1999 ), a quantitative similarity coefficient, was calculated between the sample stations and between the different forest types to assess the difference in floristic composition taking into account the relative abundance of the tree species in the analysis. Given that the Lomako station had a larger sampled area (3.65 ha), for the purpose of the calculation of Jaccard's coefficient and Euclidean distances, a total of 33 plots (1.65 ha) were discarded from the Lomako sample in order to have equal area sampled at all the seven stations. The discarded plots were randomly selected.
Finally, an ordination method, principal component analyses (Ludwig and Reynolds 1988) , was used to assess the distribution of species among the 313 0.05 ha plots. This analysis was used to observe similarities between the plots in relation to habitat type. The ordination was performed with SPSS for Windows with all default options.
Results
Forest structure, tree species richness and floristic composition of the forest landscape
The overall results of the botanical inventory are summarized in Table 1 and Appendices 1 and 2. A total of 5353 trees !10 cm DBH, comprising a total basal area of 572.4 m 2 , were present in the 15.65 ha sample. The calculated stem density was 342 trees ha À1 corresponding to a basal area of 36.57 m 2 ha À1 . The average DBH for all trees was 28.23 ± 23.77 cm (mean ± SD). Most trees (51%) had DBHs between 10 and 20 cm. Only 12% had DBHs !50 cm. Table 1 . Summary of survey of trees !10 cm DBH found in seven sample stations placed alongside a 70 km trail running north from the Lomako to the Yekokora river. Ann -Annonaceae, Caes -Caesalpinoideae, Clus -Clusiaceae, Eben -Ebenaceae, Euph -Euphorbiaceae, Olac -Olacaceae, StercSterculiaceae. A total of 5088 trees were identified to genus or species level (Appendix 1). Of these, 4597 were identified to species (122 species), 491 to genus (16 genera), 261 to local names (25 unidentified local names) and there were four unknown individuals. At least 32 families were represented in the sample. The ShannonWiener diversity index for the total sample was H 0 = 1.7 and the evenness component, V = H 0 /H max = 0.8 (H max = 2.2). Four tree species were abundant in the botanical plots, comprising 28% of all stems in the sample: S. zenkeri (Caesalpinoideae, 455 individuals), Cola griseflora (Sterculiaceae, 375 individuals), Diogoa zenkeri (Olacaceae, 349 individuals) and Polyalthia suaveolens (Annonaceae, 325 individuals). Sixteen percent of the species identified (28 species) were represented by only one individual and 42% (73 species) had 10 or more individuals in the sample.
The plant families Leguminosae sensu latu and Olacaceae had the greatest number of individuals in the sampled plots (1586 and 651, respectively), corresponding to 42% of all the trees in the plots. Other abundant plant families were Annonaceae, Euphorbiaceae, Sterculiaceae, and Clusiaceae (Appendix 2). Leguminosae had the greatest basal area in the total sample, followed by Olacaceae, Moraceae and Annonaceae. In terms of number of species, Leguminosae was the most species-rich family, followed by Meliaceae and Euphorbiaceae. Although Leguminosae sensu latu was by far the most important family in this study, it should be pointed out that most of its trees (95%) belonged to the Caesalpinoideae sub-family. Faboideae and Mimosoideae trees had a relatively very low abundance.
Mixed primary forest was the dominant habitat corresponding to 57% of the 0.05 ha plots, followed by Gilbertiodendron forest (22%), swamp forest (12%), and secondary forest (9%). Mixed primary forest dominated across all sample stations, except for Station 5 which consisted of 100% of Gilbertiodendron forest (Table 1) . Gilbertiodendron forest was found on sloping ground adjacent to streams (sample stations 1-4 and Lomako) and on flat ground in the central part of the surveyed area (sample stations 3 and 5) without association to streams. Secondary forest was found on the three sample stations closest to the Lomako and Yekokora rivers (Lomako, 1 and 6). Swamp or temporarily inundated forest was mostly restricted to the first three sample stations, that is, Lomako, 1 and 2.
Comparisons between the sample stations
The seven sample stations differed significantly in DBH (F = 10.64, p < 0.001, df = 6). Sample station 1 had the smallest average DBH (25.24 ± 19.77) and sample station 3 the highest (31.65 ± 25.59). Considering the 313, 50 m Â 10 m plots independently, average DBH, density of trees and species richness differed. Highest tree density per plot was observed in the Lomako sample station and the lowest at sample station 5 (Table 2) . Species richness per 0.05 ha plot also differed slightly between sample stations, with Lomako supporting more species per plot and sample station 5 the least (Table 2) .
The mean coefficient of Jaccard calculated was 0.46 ± 0.06, indicating that there was, on average, 46% overlap in floristic composition between sample stations. The least overlap was observed between Lomako and Station 5 (35%) and the greatest between Stations 4 and 6 (59%) ( Table 3) . Much of the floristic difference between sample stations, however, was due to rare species with <10 individuals in the total sample. When only abundant species (that is, with !10 individuals) were considered, the mean coefficient of Jaccard went up to 0.85 ± 0.09, revealing a great degree of homogeneity among the sample stations.
Euclidean distance analysis, the method that takes species relative abundances into account, revealed that the stations most similar to one another were Stations 1-3 and, as already shown by the coefficient of Jaccard, Stations 5 and 7. The average Euclidean distance calculated was 31.00 ± 8.04 and the greatest distances were found between Station 6 and Stations 1-3 and 5 (Table 3) .
Comparisons between forest types
For this analysis, the 313, 0.05 ha plots were pooled together according to forest type and irrespective of location. The four forest types differed significantly in terms of DBH distribution ( Figure 2 ) and average, tree density and tree species richness (Table 4) . Swamp forest had the highest density of trees and the lowest average DBH and number of species. The highest numbers of species were found in mixed primary and secondary forests. Because the four forest types were unevenly sampled in this study (i.e., samples were not stratified), only a sub-set of the 0.05 ha plots were used to One-way ANOVA, F = 24.9, p < 0.01, df = 3F = 24.0, p < 0.01, df = 3F = 6.79, p < 0.01, df = 3.
calculate Jaccard's coefficients for the pair-wise comparison of forest types. Thirty plots (1.5 ha) per forest type were randomly selected. This number (30) was the maximum possible because only 30 swamp plots were present in the total sample. There was an average of 42% overlap in tree species composition (coefficient of Jaccard = 0.42 ± 0.09). The lowest overlap was found to be between secondary and swamp forests (30%) and the highest between mixed primary and secondary forests (56%) ( Table 5 ). Swamp forest stood out as the most distinct habitat floristically, showing the lowest average coefficient of Jaccard (0.36 ± 0.06) when compared with the other three habitats. The average species overlap between Gilbertiodendron plots and the other habitats was 42% (coefficient of Jaccard = 0.42 ± 0.08). When the distribution of the most abundant tree species in this sub-sample was analyzed by calculating the Euclidean distances, the average distance was 35.2 ± 9.8, slightly higher than the average obtained when sample stations were compared (see above). Again, swamp was the most distinct habitat since, when removed from the analysis, the average Euclidean distance dropped to 26.80 ± 5.4. Mixed primary and secondary forests were the most similar floristically, followed by Gilbertiodendron forest (Table 5) .
Several abundant tree species were restricted to swamp forest, explaining why, floristically, this habitat was the most distinct. Sixty-two percent of Diospyros sp., 84% of Cleistanthus mildbraedii, 92% of Lasiodiscus mannii, 95% of Trichoscypha ferruginea, 96% of Guibourtia demeusi, and 99% of Polyalthia sp. trees were located in swamp plots. Other habitat-specific tree species were G. dewevrei with 82% of the individuals found, as expected, in Gilbertiodendron forest plots, D. zenkeri with 92% of the individuals found in both primary and Gilbertiodendron forest, Dialium pachyphylum with 88% of the individuals in primary and secondary forest and both Trichilia rubescens and Caloncoba welwitschii restricted to secondary forest with 93 and 92% of their trees, respectively, restricted, to this habitat.
Analysis of mixed primary forest
The results obtained from the above comparisons among sample stations and forest types suggest that much of the difference found between sample stations was due to differences in the total contribution of each forest type to each sample station. We decided then, to determine how variable a single habitat was over the landscape. Only mixed primary forest was used since this was the only relatively well-sampled habitat across all but one sample station (Station 5). For all variables considered, that is, average DBH, tree density and species richness, primary forest plots in all sample stations differed significantly only in DBH (F = 6, p < 0.01) and this difference was relatively small. As in the previous section, a sub-set of plots was taken in order to calculate Jaccard's coefficients and Euclidean distances. The analysis was restricted to 20 randomly selected plots (1 ha) per station, the maximum number of primary forest plots present in sample station 2. Station 5 was left out since it contained no primary forest. The floristic comparison as assessed by the coefficient of Jaccard (mean = 0.45 ± 0.05) and Euclidean distances (mean = 17.27 ± 2.03) showed that mixed primary forest habitat was quite similar across sample stations. 
Ordination analysis
Given the relative homogeneity observed in floristic composition among all sample stations, PCA analysis was employed to look for an ordering of samples in reduced space. In the PCA analysis, despite the observed scatter, the 313, 0.05 ha plots tended to separate themselves by habitat types (Figure 3) . In Figure 3 , circles are drawn around areas of greater concentrations of plots belonging to each forest type. Not all plots fell within the perimeter of their corresponding forest type boundaries, but these represented a small fraction of the total sample. Component 1 accounted for 26% of the total variance and Component 2 accounted for 8%. Component 1 discriminated mixed primary and secondary forest plots from swamp and Gilbertiodendron plots. Component 2 discriminated Gilbertiodendron transects from all others.
Discussion
Forest structure
With 352 stems ha À1 the forest in the Lomako-Yekokora interfluvium was found to have a relatively low stem density for trees !10 cm in DBH. According to Richards (1996) , the density of trees in tropical rain forests worldwide ranges from 300 to 700 for trees !10 cm DBH per hectare in well-drained soils. To date, the reason for such variation in density is still obscure (Richards 1996) . Despite such low densities, total basal area per hectare was comparable to other African tropical rain forests indicating a larger number of large trees (e.g., Hart et al. 1989; Maisels 1996; Newbery and Gartlan 1996) .
When forest types were considered separately, swamp forest stood out with a high density of trees !10 cm DBH (444 trees ha À1 ). This finding was surprising considering that forests growing on poorly drained soils are known to support lower densities of trees when compared to forests growing on welldrained soils (Hartshorn 1980; Richards 1996) . Contrarily to swamp, Gilbertiodendron forest had a low density of trees (299 trees ha À1 ); G. dewevrei dominated forests have been considered to be the only real climax forests in the Congo (Devred 1958) , occurring in areas not naturally disturbed for centuries (see below).
As expected from the number of trees per hectare, DBH distributions were distinct between the four forest types. Swamp and secondary forest had more small trees than mixed primary and Gilbertiodendron forests.
Species richness
With an average of 63 species per hectare, the Lomako-Yekokora forest conformed to the pattern of low tree species diversity of African rain forests described by Richards (1973) . Richards (1973) referred to African rain forest as the 'odd man out' when compared to the American and Indo-Malayan forests because of the poverty of its flora and because its plant species were widely distributed, resulting in low alpha and beta tree species diversity.
Although significant, the difference in species richness was small between the sample stations and between the forest types. On average, mixed primary and secondary forests had more species than swamp and Gilbertiodendron forests. In the latter case, low species richness was a result of the high dominance attained by G. dewevrei trees.
Floristic composition
The Lomako-Yekokora sample was dominated by trees of the Caesalpinoideae sub-family. In particular, very abundant were two types of Caesalpinoideae trees, S. zenkeri and G. dewevrei. S. zenkeri is a characteristic tree of the Congo Basin (White 1983) . G. dewevrei can occur outside the Congo Basin but then it is usually confined to river banks or swamps (White 1983 ). In the Basin itself, G. dewevrei forms islands of monodominant stands surrounded by mixed primary forest. The transition between these two forest types is usually abrupt, however. The factors involved in such physiognomic change are not well understood (Connell and Lowman 1989; Hart et al. 1989) .
Other Caesalpinoideae species are also known to form monodominant stands in the Congo Basin: Brachystegia laurentii (De Wild.) Louis ex Hoyle, Cynometra alexandri C.H. Wright, Julbernardia seretii (De Wild.) Troupin, Michelsonia microphylla (Troupin) Hauman (White 1983) . All these are ectomycorrhizal species (Newbery et al. 1988 ). These monodominant forests occur throughout the Congo Basin but are most extensive on the plateau surrounding the central basin of the Congo River (Gauthier et al. 1977; White 1983) .
In an attempt to investigate the factors involved in the formation of monodominant stands of G. dewevrei in the Ituri forest, DR Congo, Hart et al. (1989) examined the effect of substrate quality, herbivory gradient and disturbance effects, which potentially could explain the transition from one forest type to the other. However, these authors were not able to establish a correlation between the examined factors and the monodominant forest. For Pierlot (1966), the G. dewevrei forest as well as the B. laurentii forest (the latter not present in the Lomako-Yekokora area) are the only real primary forest types in the Congo Basin. Kortlandt (1995) believes that these two species slowly invade and overwhelm the Scorodophloeus forest (in this study referred to as mixed primary forest) which he considers a 'century old' secondary forest. The observed transition from one forest type to the other in this study would consequently be caused by previous disturbance by ''sparse human population and/or nomadic elephant foraging '' (Kortland 1995) .
Floristically, our Lomako-Yekokora sample stations were quite similar to one another and most of the observed differences were due to the uneven sampling of forest types at each sample station. In this study, as expected, rare species were found to be unevenly distributed across sample stations and forest types. Abundant species were relatively common in all sample stations, although some species tended to clump in different habitats, particularly in the swamp forest. Thus, although relative abundances of tree species tended to vary to a greater or lesser degree between sample stations, species composition per se remained relatively constant (hence high Jaccard's coefficients obtained in most pair-wise comparisons), conforming to the low beta-diversity of African forests reported by Richards (1973) .
Low beta-diversity does not appear to be an African-only phenomenon, however. Pitman et al. (1999) report 'an unexpected' low beta-diversity in their western Amazonia tree samples. Most of their sampled tree species were not restricted to any given habitat, although their relative abundances showed marked spatial variance. They concluded that . . . ''the habitat preferences of Amazonian plants are a matter of degree and not as strict as suggested by earlier researchers'' (Pitman et al. 1999 ). For Pitman et al. (1999) , high beta-diversity reported by earlier researchers was an artifact of insufficient sampling.
In conclusion, at the landscape scale, the Lomako-Yekokora interfluvial forest was found to be relatively homogeneous in terms of the ecological variables measured here. The forest types, however, differed markedly, justifying the separation into the four physiognomic types, that is, mixed primary, secondary, Gilbertiodendron and swamp forests. The results of this study indicate that the Lomako study site is representative of the forest landscape contained between the Lomako and Yekokora rivers only when the different forest types are treated in separate. The sample stations (including Lomako) differ from each other, however, in the proportional contribution of each forest type.
In terms of the floristic characterization of the forest landscape contained between the Lomako and Yekokora rivers, this study showed that Caesalpinoideae trees, in particular S. zenkeri and G. dewevrei, dominated the sample. Trees of this family were followed in abundance by trees of the Olacaceae and Annonaceae. According to Newbery and Gartlan (1996) , Caesalpinoideae trees are abundant throughout the Guinea-Congo region becoming particularly dominant in areas of sandy, low fertility soils, as is the case for Salonga National Park, DRC (Gautier-Hion et al. 1993; Maisels et al. 1994) , and Tiwai forest, Sierra Leone (Oates et al. 1990; Dasilva 1994) . Such species become less abundant on richer soils, as in the case of Lope´, Gabon (Tutin et al. 1997) , Odzala National Park, Congo (Maisels 1996) and Kibale, Uganda (Struhsaker 1975) . In these forests, one or more of the tree families Annonaceae, Burseraceae, Euphorbiaceae, Meliaceae, Olacaceae and Rubiaceae attain higher abundances than Caesalpinoideae. It remains to be investigated what factors (e.g., soil quality, rainfall patterns, disturbance regimes, and evolutionary history among others) are responsible for the observed differences in floristic composition at these different African rain forest sites. 
